
Supplemental Figures  
 
Figure S1. Schematic of bacterial one-hybrid zinc finger binding site selections  
The DNA-binding specificities for candidate “test” zinc fingers were determined by selection of binding 
sites from a random DNA library as previously reported and described (see Supplemental Methods 
1d). (a) The figure shows an example of a F2 candidate and the 9 random bases it may interact with 
(depicted as rainbow-colored bases). F3 candidates are characterized in the analogous way.  The 
complete sequence of an example candidate is listed below the scheme, where the sequence of the test 
helix is shown in green.  (b) Schematic of zinc finger binding site selection. (Top) Test zinc fingers are 
expressed as a 3-fingered protein-direct fusion to the omega subunit of RNA polymerase. Binding sites 
are selected from a 28 base pair region of random DNA sequences upstream of the promoter that 
drives the reporter genes, HIS3 and URA3. (Bottom) Two plasmids, the zinc finger expression vector 
and the random library reporter vector, are transformed into the bacterial strain.  Double 
transformants are plated on selective media.  DNA is recovered from bacteria that survive the 
selection and the binding site region of library reporter vector is recovered.  After motif finding, 
selected binding sites are shown as a sequence logo. For simplicity, these have been trimmed to the 3 
bases selected by the test finger for display in all other figures. (Next page.) 
 
 
 



 



Figure S2.  Agreement between high and low stringency protein selections.  For each 3bp DNA 
target, we compute the weighted fraction of core sequences found in high stringency that are also 
found in low stringency in the F2 (left) and F3 (right) positions (see Supplemental Methods 2b). We 
visualize these weighted fractions across the 64 possible targets via boxplots, as in Figure 2b.   For 
most targets, this weighted fraction is close to 1, with relatively small variance across the targets, but 
with a few notable outliers. Thus, for most targets in both F2 and F3, a large fraction of the frequency-
weighted population of core sequences observed at high stringency is also observed at low stringency. 
Overall, the overlap between the independent high and low stringency selections shows the high 
quality and reproducibility of the data. 
 
 



Figure S3.  The number of triplets bound by a core sequence is correlated with its per-DNA-
target frequency of binding.  For each 3bp DNA target, we give the Spearman rank correlation 
coefficient between the frequency with which each core sequence was observed in the combined 
F2+F3 protein selections with the number of DNA targets bound by that core sequence across the 
dataset.  For all targets, there is positive correlation between number of targets bound by a core 
sequence and its frequency of binding within an individual target. P-values obtained via a permutation 
test show all but three of these correlations to be statistically significant (FDR < 0.05 using the 
Benjamini-Hochberg procedure).  
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Figure S4.  Similar 3bp DNA targets tend to be bound by similar core sequences. We show the 
frequency weighted overlap of the core sequences binding each pair of targets (see Supplemental 
Methods 2b) in the F3 protein selections as a heat map. The darkest shade of blue represents a score 
of 1 (complete overlap) and white represents a score of 0 (no overlap).  As is apparent by the various 
patterns in the heat map (diagonal stripes and triangles along the upper diagonal), the target pairs 
showing highest degree of similarity tend to differ in only one base position. 

 



Figure S5.  Core sequences recovered from both high and low stringency protein selections tend 
to have similar binding profiles.  For each of the core sequences that were selected at both high and 
low stringency (1,549 for F2 and 1,482 for F3), we compared their independently inferred binding 
profiles (computed as described in Methods) using the cosine similarity measure and plotted the total 
frequency of core sequences that fell into discrete similarity bins (Supplemental Methods 2b).  The 
majority of the density for this distribution lies in the high-cosine similarity region.  Thus, the 
independently performed high and low stringency selections show good agreement with respect to the 
binding profiles computed for core sequences. 
 



Figure S6. DNA-binding specificities inferred via lookup based upon protein selections show 
excellent correspondence with experimentally determined DNA-binding specificities.  For each 
of 166 helices from which DNA-binding specificities were successfully obtained in the F2 positional 
context, we give a paired entry with an experimentally determined logo (top) and a logo 
computationally inferred from a helix’s binding profile in the F2 selections and the lookup procedure, 
as described in Methods (bottom).  If the core sequence for a protein is not present in any of the F2 
selections, there is no predicted specificity and this is indicated by the absence of a logo. 
Approximately 83% of the 498 (=166 x 3) paired nucleotide frequency vectors (experimental vs. 
inferred) are in good agreement (Pearson correlation coefficient >= 0.5) and >67% of the logos show 
agreement in all three base positions. (Next 3 pages.) 



 
 
 
 
 
 
 
 



 



 
 



Figure S7. A diverse set of helices are found to specify each 3bp target. For each 3bp target 
(organized as in Figure 4 in the main text), we visualize via sequence logos all the helices observed in 
our selections that are computationally predicted to specify it via lookup of binding profiles (described 
in Methods).  Helices from F2 selections are shown on the left, and from F3 selections are shown on 
the right. Sequence logos show all 6 variable amino acid positions and the fixed Leucine in position 4 
of the helix.  Within each logo, the frequency with which each helix is observed across all selections 
(i.e., the sum of the per-target frequencies computed in Supplemental Methods 2a) is used to weight 
that helix’s contribution to the logo. 
 
 

 



Figure S8. Similar core sequences are found specifying each 3bp target. For each 3bp target, for 
each core sequence, C, assigned to it via lookup using either F2 (top, (a)) or F3 (bottom, (b)), we 
computed the fraction of other core sequences assigned to that target that were identical to C in 3 of 
the 4 core positions of the recognition helix, and displayed this as a boxplot (shown in blue).  For each 
target, T, for each core sequence assigned to it, we also computed this fraction across targets that do 
not share a common base with T in any of the three positions, and displayed this as a boxplot (shown 
in brown). A lower fraction of core sequences identical in 3 of 4 positions were found when looking 
across unrelated targets (124 out of 128 F2 and F3 targets were statistically significant at FDR < 0.05, 
with p-values obtained via the Mann-Whitney U-test and FDR correction via the Benjamini-Hochberg 
procedure). (Next page.) 



 



Figure S9. Both similar and dissimilar core sequences are found to specify each 3bp target. For 
each 3bp target, we computed the Hamming distance between all pairs of core sequences assigned to 
it via lookup using either F2 (top, (a)) or F3 (bottom, (b)) protein selections.  For each target in both 
positions, core sequences that are inferred to specify it show a range of similarities, from pairs 
differing in only 1 of 4 amino acids in the core positions of the C2H2-ZF domain to pairs differing in all 
4 amino acids in the core positions. (Next page.) 
 



 



Figure S10.  C2H2-ZF domains with similar and dissimilar sequences selected to bind related 
targets.  Zinc fingers selected to bind common 3bp targets enrich for multiple, dissimilar solutions.  
Representative candidates tested to bind the related ATG, CTG, and GTG targets are shown. C2H2-ZF 
domains with dissimilar sequences are able to bind each target as demonstrated by the determined 
specificities (test helix sequences are noted below each logo, N to C). In fact, 3 or 4 of the core 
sequence residues may be different, yet the helices still bind a common target such as the ATG and CTG 
examples shown, though the information content provided may also vary as a result. On the contrary, 
similar domains can bind different but similar targets where the differences are dictated by a 
difference in a single contact from the canonical binding model.  For example, helices of the sequence 
trend TK-aromatic-(T/V)L-XX are tested in each case (boxed column).  All of these specify 5’ n-TG 3’ 
as expected. The 5’ “n” base is dictated by the XX amino acids that distinguish these domains. 



Figure S11. A recreation of the zinc finger code offered in the paper by Wolfe and Pabo noted in the 
figure. Within each box, the amino acid, or type of amino acid, that is predicted to specify a given base 
(for a given position of the helix, according to the canonical model) is noted. Core positions of the 
recognition helix are noted to the left of their specified rows. The predicted base preference is denoted 
by column, labeled above.  The position within the 3-4bp target which is contacted by the specified 
helical position is shown to the right with an arrow. Additions to the code coming from various 
literature sources are also noted. 
 



Figure S12. Intra-3mer contact at b3 made by position 2 of the recognition helix. Zinc finger 
selections reveal common trends between amino acids at position 2 of the helix and the specified 3’ 
base, or as labeled in Figure 1a, “b3”.  (Right) For example, in the F2 protein selections, aromatics at 
position 2 are enriched for some targets with Guanine at b3.  Glutamine is enriched for some targets 
with Thymine at b3 and Arginine is enriched for targets with Cytosine at b3.  Subsequent 
characterization of DNA-binding specificity confirms these preferences.  Representative examples are 
shown with the position 2 amino acid bold and red in the helical sequence listed below its binding 
logo.  A red arrow points to the b3 position in each column. One exception to the Arg2 trend is shown 
at the bottom right (VKRYLQA) where the Arginine does not lead to b3 Cytosine specificity, which may 
be influenced by the aromatic at position 3.  It should be noted that in all position 2 examples shown 
there are one or more helices with a Threonine at position -1 while the base preference trends with 
the position 2 amino acid base preference indicated. (Left, box)  A contrary example, where a position 
2 amino acid that does not trend with b3 specificity (Serine) is shown. Example Ser2 fingers can show 
preference for any b3 base. Together, these examples suggest that, positions -1 and 2 influence b3 
specificity and a combination of the amino acids at -1 and 2 may contribute to b3 base preference.  
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Figure S13.  Core sequences uncovered in both F2 and F3 selections often have dissimilar 
binding profiles.  We examined the set of core sequences that were selected at both high and low 
stringency in both F2 and in F3 and that also showed good correspondence with respect to their 
binding profiles at high and low stringency for each position separately (cosine similarity >= 0.25 in 
the Figure S6 comparisons).  For each core sequence in this set, we compared the binding profile 
inferred from the F2 protein selections against the binding profile inferred from the F3 protein 
selections via cosine similarity and plotted the total frequency of core sequences that fell into discrete 
similarity bins (Supplemental Methods 2b). In contrast to the comparisons of low and high 
stringency data (Figure S5), it is apparent that while much of the density of this histogram still lies in 
the high cosine similarity bins, a large proportion of it lies in the low to mid-range cosine similarity 
bins as well.  Thus, while there is  good correspondence between many binding profiles derived from 
the F2 vs. F3 contexts, there are also many instances in which the change of positional context leads to 
starkly different inferred DNA-binding specificities. 
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Figure S14.  Computationally inferred logos show the least amount of agreement in base 
position 1 when comparing the F2 vs. F3 context.  For each core sequence found to show good 
agreement between the high and low stringency protein selections within both the F2 and F3 contexts 
(see Figure S15 caption), we predicted DNA-binding specificities via lookup of the binding profiles 
(described in Methods) using either the F2 or F3 protein selections.  For each of these core sequences, 
the resulting base-frequency distributions for each of the base positions (1, 2, and 3) were compared 
(F2 vs. F3) using the Pearson correlation coefficient (PCC), and displayed via boxplots.  The lowest 
agreement is observed at base position 1, and these agreements are significantly lower than those 
observed in base positions 2 and 3 (p < 0.03 and p < 0.0001, respectively, as computed by the Mann-
Whitney U-test). This is notable as this position in the subsite for F3 corresponds to the 5’ most base of 
the entire binding site, and in the subsite for F2 may participate in a cross-strand contact with F3.   
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Figure S15. Several of the core sequences tested in both the F2 and F3 positions only exhibit 
DNA-binding in one of the two positional contexts.  (A) Experimental binding site selections were 
performed in both the F2 and F3 positional context for 26 helices that were identical in the core 
positions of the recognition helix (-1, 2, 3, and 6).  The derived logos show good agreement between 
the F2 and F3 context for 16 of these helices (top).  However, 5 helices showed strong base 
preferences in the F2 context, but little or no functional DNA-interaction in F3 context (lower left; 
sequence marked with asterisk produced weak base preferences in the F3 context).  Similarly, the 
remaining 5 helices show good base preferences in the F3 context, but give no evidence of functional 
interaction in the F2 context (lower right).  (B) We produced computationally inferred logos via 
lookup (see Methods) for these same core sequences, based upon either the F2 or F3 protein selection 
data (F2 logos displayed above F3 logos).  These logos show rough agreement between the F2 and F3 
context for 13 out of the 16 of the core sequences that showed agreement experimentally (top).  
Additionally, differential DNA-binding behavior between the F2 and F3 positional contexts was 
successfully predicted (bottom left and right): in 9 out of 10 cases, no logo is predicted for one of the 
contexts due to insufficient information in the corresponding protein selection data.  This reflects 
positional biases in protein selections that are analogous to those observed in binding site selections.  
(Next page.) 
 
 
 
 
 
 
 



 



Figure S16.  Selected C2H2-ZF assemblies that specify challenging targets.  
Three-fingered arrays of C2H2-ZFs were selected from pool-derived libraries to bind targets that 
arrays constructed by modular assembly failed to recognize.  (Left) Zinc finger numbers as specified 
by (Lam et al. 2011) are listed to the left of each row to provide a reference. (First column) For each 
target, the DNA-binding specificity of a selected three-fingered array was determined via B1H DNA-
binding site selections and displayed as a sequence logo. Above the logo, the seven amino acids (-
1,1,2,3,4,5, and 6) of each helix of the selected three-fingered array are listed N to C, for fingers F3, F2 
and F1. Amino acids not coded for in VNS libraries are noted as bold and red. Below each logo, the 
desired target is provided in colored letters, 5’ to 3’. A match between the preferred base of the 
sequence logo and the desired base in the target is indicated by a capital letter. (Second column) The 
activity of each selected zinc finger array, noted in the first column, was tested in yeast using an 
affinity-related GFP assay.  The zinc finger arrays were challenged to bind the desired target (Correct) 
or a negative control consisting of an empty vector (Control). Fluorescence was normalized to a 
positive control and results are displayed as a percentage of this positive control activity. 
 

 



Figure S17. DNA-binding specificities predicted via nearest neighbor decomposition show 
agreement with experimentally determined DNA-binding specificities.  (a) For each of 166 
binding site selections performed in the F2 context, we give an experimentally determined logo (top), 
a logo computationally predicted by nearest neighbor decomposition using the F2 protein selections 
(middle; ignoring exact matches if present), and a logo computationally predicted by nearest neighbor 
decomposition using the F3 protein selections (bottom). (b) For each of the 69 binding site selections 
performed in the F3 context, we give an experimentally determined logo (top), a logo computationally 
predicted by nearest neighbor decomposition using the F3 protein selections (middle; ignoring exact 
matches if present), and a logo computationally predicted by nearest neighbor decomposition using 
the F2 protein selections (bottom).  An empty logo corresponds to a case where nearest neighbor 
decomposition did not predict a specificity, due to no helices in our data set that had the required 
sequence similarity. (Next 8 pages.) 
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Figure S18.  Predictions based on nearest neighbor decomposition (NN) effectively extend the 
data to account for differences in positional context.  The fraction of predictions with >= 3, 2, 1 or 0 
columns correct (as judged by a PCC >= 0.5) is shown for the NN approach (described in Methods) 
and compared to two previous prediction approaches based on random forests (RF) or support-vector 
machines (SVM). (A) Results for the 166 C2H2-ZFs that were tested as F2 in our B1H DNA-binding site 
selections.  NN predictions were computed based on the F3 protein selections.  (B) Results for the 69 
C2H2-ZFs that were tested as F3 in our B1H DNA-binding site selections.  NN predictions were 
computed based on the F2 protein selections.   
 
 

 



Figure S19.  Predictions based on nearest neighbor decomposition outperform the lookup 
approach that is based solely a single core sequence.  We compare the performance of our original 
lookup inference approach (based solely on the binding profile of the exact core sequence) with the 
performance of our nearest neighbor decomposition approach (both approaches described in 
Methods). (A, left) Fraction of correctly predicted per-nucleotide base preferences, as judged by a PCC 
>= 0.5, on the 166 helices tested in the F2 positional context based upon either F2 or F3 protein 
selections using either lookup or nearest neighbor decomposition (ignoring exact matches for 
predictions based on F2 protein selection data).  (A, right) Fraction of these predicted 3bp binding 
specificities that have 0, 1, 2, or 3 base preferences correctly predicted. (B, left) Fraction of correctly 
predicted per-nucleotide base preferences, as judged by a PCC >= 0.5, on the 69 helices tested in the F3 
position context based upon either F2 or F3 protein selections using either lookup or nearest neighbor 
decomposition (ignoring exact matches for predictions based on F3 protein selections data). (B, right) 
Fraction of these predicted 3bp binding specificities that have 0, 1, 2, or 3 base preferences correctly 
predicted. 
 

 



Figure S20.  The nearest neighbor decomposition method (NN) performs comparably to other 
state-of-the-art C2H2-ZF binding site prediction methods (SVM and RF) for predicting binding 
sites of naturally occurring C2H2-ZF arrays. (A) The percent of proteins (y-axis) with statistically 
significant alignments between the predicted and experimental PWMs (Supplemental Methods 2e), 
shown across various p-value thresholds (x-axis). (B) The percent of proteins (y-axis) whose aligned 
predicted and experimental PWMs report at least a given percent of columns correctly predicted (x-
axis), using an PCC threshold of 0.5 to determine whether an aligned column is correct.  For both 
panels, NN is shown in green, RF in black and SVM in blue. 
 

 


